Introduction
============

An increasing gap between organ donation and organ transplantation has inspired scientists to find out alternative approaches and substitutes to make the organs functional. The US National Institutes of Health has defined regenerative medicine as "the process of creating living, functional tissues to repair or replace tissue or organ function lost due to age, disease, damage, or congenital defects."[@b1-ijn-9-4153]

With the advent of nanotechnology, regenerative medicine has evolved tremendously in recent years and appears to be a promising approach in restoring function and regeneration of diseased tissues and organs. Since cell function occurs at the nanometer scale, nanotechnology can influence and even alter cellular behavior, which ultimately enhances the functioning of tissue or organ. The traditional approaches of nanotechnology in regenerative medicine can be related to: 1) nanoparticles; 2) scaffolds with nanofibers; 3) scaffolds with nanotopographic modifications; 4) drug/gene delivery; and 5) extracellular matrix (ECM) patterning. The newer and rational approaches include a combination of these traditional methods.

The purview of this article is to cover recent advances in nanotechnology for regenerative medicine. Only those organ systems have been considered where considerable research is ongoing. The information provided herein is mainly taken from the PubMed articles published over the last 6 years (2009--2014). The keywords specifically used to generate the literature search for this review paper were: "bone;" "cartilage;" "nerve;" "myocardium;" "skin;" "eye;" "teeth;" "liver;" "regenerative medicine;" and "nanotechnology." Most of the references in this review paper are the original research articles; a few refer to recent reviews on the topic. This review article discusses various advances in nanotechnology-based regenerative medicine for the repair or enhancement of damaged tissues function in various organ systems. [Table 1](#t1-ijn-9-4153){ref-type="table"} summarizes the different nanomaterials recently used for tissue/organ regeneration with the references. Figures representing the nanotechnology-based approaches for regeneration of bone ([Figure 1](#f1-ijn-9-4153){ref-type="fig"}) and skin ([Figure 2](#f2-ijn-9-4153){ref-type="fig"}) are included.

Bone tissue regeneration
========================

Bone tissue may be considered as a nanocomposite consisting mostly of collagen and hydroxyapatite (HA) containing calcium phosphate. Embedded in this matrix are osteocytes, osteoblasts, osteoclasts, and other smaller bone-related proteins. Bone tissue loss may occur due to trauma, organic bone diseases, infectious diseases, and surgeries; reconstruction of the functional bone remains a major challenge for the orthopedic surgeons.

Fractured bone regeneration is a very slow and incomplete process. Earlier, autografts and allografts were used to induce bone regeneration, with both the grafts showing equal regenerative potential.[@b2-ijn-9-4153] However, the use of these grafts is limited owing to inadequate availability, risk of infections (allograft), donor site morbidity, blood loss, and harvesting complexity. The ideal bone graft should be pathogen-free, osteoinductive, biomechanically stable, and have minimal antigenicity.[@b3-ijn-9-4153]

Bioinert materials have also generated considerable interest for providing mechanical support without causing significant immune responses. The practice is now changing toward the use of bioactive materials as implants for fractured bone regeneration.[@b4-ijn-9-4153],[@b5-ijn-9-4153] It is being increasingly accepted that the bioactive coating of implants creates improved implant-bone integration.[@b6-ijn-9-4153] Advances in nanotechnology and tissue engineering have provided promising options to regenerate and to replace damaged bone.[@b7-ijn-9-4153]

Recent advances in nanotechnology-based bone regeneration are discussed briefly under two sections -- "Nanostructured scaffolds" and "Nanotechnology-based stem cell differentiation."

Nanostructured scaffolds
------------------------

Various nanotechnology-based matrices have been developed over the past decade. The most commonly explored ones are: the carbon nanotubes (CNTs); electrospun HA; anodized titanium; and nanotitanium.[@b8-ijn-9-4153]--[@b12-ijn-9-4153] Osteoblasts show better cell attachment, proliferation, and mineralization in nanofibrous scaffold. The fabrication of nanofibers into complex three-dimensional structures is necessary. Nanofibers incorporated onto spiral poly(epsilon caprolactone) three-dimensional scaffolds, when seeded with osteoblasts, have shown better cell attachment, proliferation, differentiation, and mineralization as compared to cylindrical scaffolds. Based on these findings, spiral-structured nanofibrous scaffolds seem to be a promising alternative for bone tissue-engineering applications.[@b13-ijn-9-4153]

Bioinspired structures, such as synthetic HA with pores, patterns and textures in nanoscale size, act as a morphological cue for bone cell regeneration. Nanoscaled calcium phosphate can be synthesized by sol-gel, precipitation, hydrothermal, and electrospinning processes. The products of these processes are calcium phosphate nanocomposites, nanostructured monophasic calcium phosphate bone fillers, nanostructured precursor phases for calcium phosphate cements, nanostructured calcium phosphate coatings, and nanostructured polyethylene.[@b14-ijn-9-4153]--[@b16-ijn-9-4153] The in vitro studies on electrospun calcium phosphate seeded with osteoblasts and monocytes suggest good biocompatibility without any negative effects on cell proliferation.[@b11-ijn-9-4153] HA-coated titanium implants are reported to accelerate and to enhance osseoimplant integration in rat models. Nanopolymeric HA coated over microroughened titanium implants increases the surface area considerably, resulting in an increase in osteoconductivity and inhibition of local soft tissue infiltration.[@b17-ijn-9-4153] The in vivo studies have shown that the HA nanoparticles coated over titanium implants are nontoxic, as these nanoparticles are removed from the body through a natural waste-clearing mechanism.[@b18-ijn-9-4153] Further, the addition of metallic nanoparticles enhances the biological properties of routinely used chitosan, HA nanoparticles. The use of chitosan--nano-HA copper zinc alloy nanoparticles in bone tissue engineering has shown a considerable increase in protein adsorption and antibacterial properties.[@b19-ijn-9-4153]

Nanostructured beta tricalcium phosphate (n beta TCP) coatings on scaffolds are reported to enhance their biological properties. Increased osteoconductivity and improved mechanical properties are documented for n beta TCP-coated poly(lactic acid) (PLL) scaffold, which depends on the n beta TCP ratio.[@b20-ijn-9-4153] Several groups have observed that the incorporation of nano-HA into the gelatin increases the mineralization of the matrix and the alkaline phosphatase activity; this results in active bone growth in rat calvaria.[@b21-ijn-9-4153],[@b22-ijn-9-4153] Also, the antimicrobial agents mixed with the nanoparticulate components for bone regeneration are thought to be more useful than traditional treatment, especially in cases of long-standing osteomyelitis.[@b23-ijn-9-4153]

Demineralized bone matrix is an osteoconductive material containing most of the proteinaceous bone components, which are potent osteogenic agents.[@b24-ijn-9-4153] Demineralized bone matrix is a good substitute for bone and is used as a bone grafting material, the efficacy of which depends on the carrier substance. An in vivo study that compared two of the most commonly used carriers, albumin and carboxymethyl cellulose, indicates that albumin is associated with strong regenerative properties.[@b25-ijn-9-4153]

CNTs, both single-walled and multiwalled types, are reported to have good osteoinductive and accelerating cell proliferative properties solely, or in combination with, nano-HA.[@b26-ijn-9-4153] The fibroblast growth factor-incorporated CNTs have shown an increase in osteoblastic proliferation.[@b27-ijn-9-4153] The porous chitosan scaffold, with varying degrees of nano-HA composition, has been studied by incorporating a single-walled magnetically produced CNT (B-SWCNT) and nonmagnetically produced H-SWCNT, where B-SWCNT was found to have superior biocompatibility properties.[@b28-ijn-9-4153]

Mesoporous materials have pore size between 2--50 nm. Ravichandran et al have reported that mesoporous silica nanofibers have improved bioactivity. Osteoblast-like cells (MG63) have good growth and proliferation potential with the upregulation of collagen I and alkaline phosphatase.[@b29-ijn-9-4153]

Nanotechnology-based stem cell differentiation
----------------------------------------------

In addition to the synthetic nanoparticulate matrix modification, the concept of using stem cells for bone regeneration is increasingly gaining popularity, owing to their better proliferation properties and ability to differentiate into many cell lineages.[@b30-ijn-9-4153] Mesenchymal stem cells (MSCs) are most commonly used for bone tissue regeneration. Nanoscale modification of the matrix further enhances their growth and differentiation. Bone marrow-derived human MSCs (hMSCs) can be stimulated to differentiate into chondrogenic and osteogenic lineages by a group of nanoscale biomaterials, like porous silk fibroin/chitosan, PLL/nano-HA, and electrospun HA/chitosan.[@b8-ijn-9-4153],[@b31-ijn-9-4153]--[@b34-ijn-9-4153]

A recent study comparing the effects of nanomaterials and bone specific growth factors has shown that nanomaterials are equally effective in inducing bone growth. Poly lactic acid/nano-HA seeded with human MSCs have osteogenic potential comparable to that of direct injection of bone morphogenic protein 7.[@b35-ijn-9-4153] CNTs, as mentioned earlier, can also be used as a substrate for seeding and enhancing growth and differentiation of hMSCs toward osteoblast-like cell lineages. These hMSCs are able to recognize the alignment of CNTs, with better growth potential observed for aligned CNTs than the nonaligned ones.[@b36-ijn-9-4153]

Surface modification of nanostructures is a well-known approach for modification of their biological activity. On comparing plain TiO~2~ nanotubes with carbon-coated TiO~2~, the latter was seen to have better osteogenic differentiation potential.[@b37-ijn-9-4153] Nevertheless, toxicity due to surface modification remains a matter of concern. Carboxylated CNTs have shown cytotoxic effect and were also found to inhibit MSCs differentiation, which is possibly modulated by a SMAD-dependent bone morphogenic protein signaling pathway.[@b38-ijn-9-4153]

Human embryonic stem cells can be programmed to develop into bone-forming cells with a better osteocalcin messenger ribonucleic acid expression on the nanofibrous scaffold than the solid walled ones.[@b39-ijn-9-4153]

Skin regeneration
=================

The skin is the largest organ in the body that provides mechanical support to inner organs, regulates body temperature, and plays a critical role in the synthesis of vitamin D. It is more prone to mechanical injuries and infection because it is the outermost covering of the body. Presently, no bioengineered skin models exist that can completely mimic the anatomical, physiological, and biological characteristics of normal, healthy skin.[@b40-ijn-9-4153],[@b41-ijn-9-4153] It is important to mention that wound healing using nanotechnology remains a major area of research interest worldwide and an exhaustive report on this topic is beyond the scope of this review. Nevertheless, the research efforts concerned with skin regeneration are briefly outlined in the following sub-sections: (i) nanostructured scaffolds (ii) nanoparticles as delivery systems (iii) hydrogels and (iv) stem cells for skin regeneration. A schematic representation of skin regeneration by nanotechnological approaches is shown in [Figure 3](#f3-ijn-9-4153){ref-type="fig"}.

Nanostructured scaffolds
------------------------

Protein fibers, like collagen, fibronectin, laminin, and keratin, in the dermis of skin are in the scale of 30--130 nm. These structures are responsible for cell proliferation and migration.[@b42-ijn-9-4153] Several approaches are available for the fabrication of synthetic ECM in nanoscale to mimic the natural environment. Development of skin substitutes with electrospun nanofibers has recently received substantial importance for skin tissue regeneration. Electrospun nanofibers have shown uniform attachment to the surface of the wound without causing an accumulation of fluid. Plasma-treated electrospun poly(L-lactic acid) (PLLA)-co-poly(ε-caprolactone) gelatin-based scaffold has shown increased wound healing properties by significantly accelerating cell proliferation and cell adhesion.[@b43-ijn-9-4153] This is attributed to the numerous integrin-binding sites present in gelatin that help in cell adhesion. The incorporation of multiple wound healing mediators in biodegradable scaffolds holds promise for the development of controlled drug delivery systems for skin tissue regeneration. A recent study reports encapsulation of multiple epidermal induction factors (EIF) in core-shell nanofibers where the concomitant release of multiple growth factors from the scaffold showed increased cell proliferation.[@b44-ijn-9-4153]

Nanoparticles-based skin regeneration
-------------------------------------

Skin regeneration involves attraction of cells and their migration, proliferation of keratinocytes/fibroblasts, and angiogenesis to accelerate these processes.[@b45-ijn-9-4153] Platelet-derived growth factor, epidermal growth factor, fibroblast growth factor, insulin-like growth factor (IGF), transforming growth factor-beta, and vascular endothelial growth factor (VEGF) are some of the typical growth factors involved in this process. Nanotechnology helps in delivering these growth factors effectively at the target site and also extends local availability considerably, thereby reducing the healing time. Most of the growth factors used in skin regeneration are administered topically using gelatin, collagen, and hyaluronic acid-modified systems.[@b46-ijn-9-4153] Keratinocyte growth factor 2 (KGF 2) -- also known as fibroblast growth factor 10 -- can be administered topically as well as in an injection form. It has shown significant wound-healing properties. As compared to free KGF 2, the controlled and prolonged release of KGF 2 is reported in dextran sulfate-bound KGF 2 complexed with several polycations (chitosan, poly-L-lysine, and polyethylenimine). This resulted in a significant increase in the mitotic rate of human umbilical cord vascular endothelial cells.[@b47-ijn-9-4153]

Silver nanoparticles are clinically used either as individual topical application or impregnated in scaffolds. Their antimicrobial and anti-inflammatory properties help in accelerating wound repair. A recent study has shown that silver nanoparticles, when impregnated on bacterial cellulose nanofibers, increase efficacy and reduce toxicity considerably.[@b48-ijn-9-4153] The bioactivation of scaffold is an alternative approach for skin tissue regeneration. A recent report suggests that the activation of the collagen scaffold with the copolymer-protected gene vectors (COPROGs) induces the temporary release of VEGF, an important factor for angiogenesis. On placing the collagen scaffold with COPROGs on the wound bed, the infiltrated cells on the scaffold became transfected with COPROGs and started to synthesize and to release VEGF.[@b49-ijn-9-4153]

Hydrogels
---------

Hydrogels have been widely investigated for use in regenerative medicine; however, nanohydrogels remain less explored. Rosette nanotubes (RNTs) are nanomaterials that have structures similar to natural skin nanostructures, like collagen and keratin. With their self-assembling and solidification properties when transitioning from room to body temperatures, RNTs may be the next-generation skin wound healing materials. The RNTs incorporated into poly (2-hydroxyethyl methacrylate) (PHEMA), commonly used hydrogels for skin regeneration, are reported to increase keratinocyte and fibroblast proliferation, highlighting the proactive property of RNTs.[@b50-ijn-9-4153]

The homogeneous distribution of nanofibrin composite in chitosan hydrogel is considered to be a biodegradable, nontoxic matrix for skin tissue regeneration. In vivo studies on Sprague-Dawley rats using this hydrogel have shown faster wound healing response evidenced by increased collagen deposition.[@b51-ijn-9-4153] Hydrogels are also effective in the controlled release of impregnated drugs, which is essential for the sustained stimulation of tissue growth. An interesting study by Jaiswal et al has shown that poly(vinyl alcohol) hydrogel impregnated with epigallocatechin gallate is very effective in healing wounds by improving angiogenesis, restoring epithelialization, and decreasing the inflammatory response.[@b52-ijn-9-4153]

Stem cell-based skin regeneration
---------------------------------

Stem cell-based therapy seems to be a promising option for skin regeneration. This therapy makes use of various types of cells, such as circulating endothelial cells, MSCs, bone marrow-derived stem cells, adipose-derived stem cells (ASCs), etc. Among these, the ASCs have received maximum attention and are, therefore, most clinically tested. This is because of their abundant availability, easy harvesting, and better healing properties, due to the secretion of growth factors. It is, however, important to remember that stem cell-based therapy can be utilized to the maximum only if suitable scaffolds are developed that can efficiently differentiate these stem cells into dermal tissue. The development of an ideal scaffold for cell-based regeneration is far from complete and still remains a challenge. Ravichandran et al[@b53-ijn-9-4153] have explored the use of electropsun poly-L-lactic acid/poly-(α,β)-DL-aspartic acid/collagen nanofibrous scaffold as a substrate for the differentiation of ASCs.[@b53-ijn-9-4153] The scaffold showed better proliferative and differentiation properties as compared with scaffolds without collagen. The authors propose that the scaffold, along with the ASCs, can heal damaged skin tissue by means of paracrine signaling.[@b53-ijn-9-4153]

The mechanical and physicochemical properties of the scaffold can alter the fate of the cells seeded on it. The difference in manufacturing technique imparts varied characteristics to the scaffold. Jin et al[@b44-ijn-9-4153] have compared EIF encapsulated core-shell nanofibers of gelatin and poly (L-lactic acid)-co-poly-(ε-caprolactone) (PLLCL) prepared by coaxial electrospinning with EIF-blended nanofibers prepared by electrospinning a blend solution of EIF with gelatin and PLLCL. Core shell nanofibers seemed to be a better substrate for epidermal differentiation of adipose-derived stem cells and also exhibited improved biocompatibility as compared to blended nanofibers. Further, the release of the EIF was also regular, slow, and long-lasting in core-shell nanofibers.[@b44-ijn-9-4153]

Cartilage regeneration
======================

Cartilage, composed mostly of type II collagen, is the nonmineral component of the skeletal system and provides frictionless joint mobility. The natural healing mechanism of cartilage injury is limited, due to its avascularity and absence of stem cells. Recent nanotechnology advances have the potential to be translated into the clinical applications by increasing the healing ability of the cartilage significantly.

Electrospun nanofibers, when incorporated into the microfibrous scaffold, make the scaffold mimic native ECM, thereby maintaining cellularity under serum-free conditions. This enhances the deposition of glycosaminoglycan (GAG) on the scaffold, which is proven to be an effective method for cartilage regeneration.[@b54-ijn-9-4153] The generation of scaffolds similar to in vivo conditions by the incorporation of proteins and the GAG in peptide nanofibers resulted in the accumulation of GAG and the formation of cartilage tissue nodules in the seeded chondrocytes. Both chemical and structural mimicry of ECM are needed for this purpose, which can be achieved by adding functional groups to self-assembled peptide nanofibers.[@b55-ijn-9-4153] Pentosan polysulfate (PPS) is a highly sulfated semisynthetic polysaccharide that has the potential to differentiate mesenchymal progenitor cells into chondrocytes when added to the culture medium. PPS, when added to polyethylene glycol (PEG)-HA medium, both in soluble and bound form, is reported to increase chondrocyte differentiation of hMSCs, with the bound form having more efficacy than the soluble form. These findings make PPS in PEG-HA a promising option for use in intervertebral disk regeneration.[@b56-ijn-9-4153]

Shafiee et al[@b57-ijn-9-4153] have compared stem cells-coated poly vinyl alcohol/poly PCL scaffold with uncoated ones for cartilage regeneration and found the former scaffolds to have more efficient cell growth and differentiation properties. They conducted both in vitro and in vivo studies using rabbit bone marrow MSCs. The in vitro experiment highlighted the chondrogenic differentiation potential of the scaffold. The in vivo study performed on the cartilage defects indicated that the MSCs-coated scaffold has better healing properties when compared to uncoated scaffolds.[@b57-ijn-9-4153] The utilization of functional biomimetic scaffolds for the regulation of stem cell differentiation is emerging as a significant area of tissue engineering. Holmes et al[@b8-ijn-9-4153] have shown that the scaffolds made of PLLA in serial dimensions have better hMSCs proliferative properties for smaller diameter fibers. They found that these PLLA scaffolds, when coated with hydrogen-treated multiwalled carbon nanotubes (MWCNT), have mechanical properties similar to that of natural cartilage. The same group has shown that the modification of the PLLA scaffolds by coating with poly-lysine and adding hydrogen-treated MWCNT increase the chondrocytic differentiation of hMSCs significantly. On culturing hMSCs on these modified scaffolds, a significant amount of GAG synthesis was observed.[@b8-ijn-9-4153]

Nerve regeneration
==================

Nerve tissues are comprised of neurofibrils enclosed inside the nerve sheath. It becomes difficult for the nerve to regenerate and attain its functional ability when the neurofibrils are damaged along with the loss of nerve sheath continuity. In such cases, the surgeon uses a graft or a guiding material for the nerve to reach its distal end and attain functionality.[@b58-ijn-9-4153]

An excellent review by Biazar et al discusses various types of biologic nerve conduits and synthetic nerve guides.[@b59-ijn-9-4153] Cirillo et al[@b60-ijn-9-4153] have done extensive research on the development of aligned electrospun nanofibers for nerve regeneration. They prepared an electrospun PCL membrane, enhanced it with gelatin, and studied its biological response following treatment with the PC-12 pheochromocytoma nerve cells. The group successfully demonstrated that fully aligned PCL nanofibers with gelatin macromolecules provide adequate contact guidance to the nerve cells as compared with randomly aligned fibers. These fully aligned nanofibers act as a topological cue for neurite growth, thereby improving nerve regeneration.[@b60-ijn-9-4153]

The in vivo studies of intraluminal nanofibrous nerve guides for nerve injury repair have shown considerable improvement in nerve growth potential. The conduits are coated with laminin and nerve growth factors for this purpose. Longitudinal alignment of the fibers within the conduit also plays a role in regeneration.[@b61-ijn-9-4153] The in vivo studies performed in the sciatic nerve-defect rat model suggest that the nanoporous scaffolds have better nerve regeneration potential compared with microporous scaffolds. The nanoporous scaffolds were found to stimulate longitudinally directed nerve fiber growth along the pores while the growth was toward the wall in the case of the microporous scaffolds.[@b62-ijn-9-4153]

Although the autologous nerve grafts are considered to be superior to the synthetic nerve conduits, availability is a limiting factor. Nerves guided by the highly longitudinal aligned electrospun collagen/poly(lactic-co-glycolic acid) (PLGA) nerve conduits have shown superior action potential conduction and morphology compared with those guided by randomly arranged fibers.[@b63-ijn-9-4153] The MWCNT combined polyhedral oligomeric silsesquioxane and polycarbonate polyurethane (POSS-PCU/MWCNT) and also MWCNT combined PCL urea (POSS-PCL/MWCNT) are two conductive nanopolymers extensively researched for nerve regeneration purposes.[@b64-ijn-9-4153] Studies performed on the in vitro rat spinal cord cells coated over carbon nanotubes have shown the proliferation and expression of functional maturation markers -- that is, development of action potential and generation of voltage dependent current. Further, the microarray studies suggested the presence of the active repair process involving microglia in the absence of reactive gliosis.[@b65-ijn-9-4153]

Nanotechnology approaches can also be used to regenerate chronically injured nerve cells. An interesting study has shown that the incorporation of electrospun nanofibers, self-assembling peptides, and proregenerative cytokines into guidance channels of the chronic spinal cord injured rat model resulted in a well-developed vascular network, basal lamina, and myelin, which eventually leads to enhanced electrophysiological recovery.[@b66-ijn-9-4153] Another study that compared double-layered aligned and random nanofibers in vitro for the growth of the dorsal root ganglia reports that the random nanofibers impair the growth of dorsal root ganglia, which can be effectively reverted by the seeding of Schwann cells over the random nanofibers. An in vivo study of the same doubled-layered nanofibers showed comparable efficacy to that of isograft in terms of morphological and electrophysiological properties. These nanofibers were fabricated by electrospinning of the PCL.[@b67-ijn-9-4153] The functionalization of the nanostructured scaffolds by peptides improves the activity of Schwann cells, thereby resulting in nerve regeneration. This is demonstrated by Masaeli et al[@b68-ijn-9-4153] who coated electrospun scaffolds of poly(hydroxyl butyrate) and poly(3-hydroxybutyrate-co-3-hydroxyvalerate) with collagen and then cultured Schwann cells on these scaffolds. They observed a preferential unidirectional growth and better neurotrophin expression as compared to untreated scaffolds.[@b68-ijn-9-4153]

One important aspect of the central nervous system (CNS) regeneration is to ensure that the drugs for degenerative diseases cross the blood--brain barrier (BBB) and reach the brain. Along with tight junctions, the adenosine 5′-triphosphate (ATP) binding cassette reduces the entry of drugs into the brain cells. Nanoparticles reach the brain parenchyma evading these mechanisms, thus making them favorable for neuronal drug delivery.[@b69-ijn-9-4153] Surface-modified chitosan nanogels loaded with methotrexate injected in animals have shown higher concentration of nanogel-incorporated drug in the brain compared with the raw drug, but no difference in concentration due to surface modification. This indicates that nanogels can be utilized for drug delivery into the CNS, due to their efficiency in crossing the BBB effectively.[@b70-ijn-9-4153]

Another hurdle for drug delivery into the CNS is the efflux pumps that actively transport the drug outside the cells. The P-glycoprotein (P-gp), having several substrates, is one of the efflux pumps for the drugs delivered into the brain cells. Small interfering ribonucleic acid chitosan nanoparticles have been used for P-gp silencing, which decreases the P-gp-dependent efflux and, hence, increases drug concentration in the brain.[@b71-ijn-9-4153]

The distinctive regeneration characteristics between the CNS and peripheral nervous system (PNS) limit the application of nanobiotechnology in the CNS regeneration as compared to the PNS. This is due to the active role of the myelin sheath and the Schwann cells in PNS regeneration, in contrast to the limited success of oligodendrocytes remyelinating the nerve cells in the CNS.

Myocardial regeneration
=======================

Cardiac myocytes are cells with restricted growth, which -- following an ischemic injury -- may preferentially undergo scarring due to their limited regenerating capability. The dreaded complication of myocardial infarction is the cardiac rupture, which is a sequel to cardiac scarring. This can be prevented if the death of the cardiac myocytes is checked, and the regeneration of myocytes augmented.[@b72-ijn-9-4153],[@b73-ijn-9-4153] The insulin-like growth factor 1 (IGF-1) complexed with PLGA nanoparticles, when injected into the ischemic myocardium, has shown a significant decrease in myocardial apoptosis by inducing (protein kinase B) Akt phosphorylation. With a decrease in the size of the PLGA, the amount of IGF-1 complexed in it increases considerably and, hence, enhanced Akt phosphorylation activity.[@b74-ijn-9-4153]

It is suggested that the pretreatment of hMSCs with scaffolds having high oxygen-carrying capacity may result in the preferential cardiomyogenic differentiation, ex vivo. The high oxygen-carrying capacity of electrospun hemoglobin/gelatin/fibrinogen nanofibers has been used to treat MSCs, which has led to their enhanced differentiation into cardiomyocytes. These nanofibers, cross-linked with phytic acid, hold promise to be an effective therapeutic agent for myocardial regeneration.[@b75-ijn-9-4153] Biomaterials made of poly(glycerol sebacate) (PGS) core polymer and gelatin shell polymers have good cell adhesion, proliferation, and cytocompatibility properties.[@b76-ijn-9-4153] Ravichandran et al have observed that the transplantation of the cells -- along with the short nanofibers of PGS into the infarcted myocardium -- results in an enhanced retention of the cells and increased expression of cardiac proteins like troponin, actinin, and connexin 43, compared with the standard cell injection system.[@b77-ijn-9-4153]

Dental regeneration
===================

The human tooth consists of two major parts, the visible crown and the root; the root is usually not visible and is anchored within the bone. Enamel, dentin, pulp, and cementum are the four different tissues present within each tooth. Dentin, which makes up the majority of the inner surface of the tooth, mainly contains collagen I fibrils. Diseases affecting the teeth are increasingly encountered nowadays, mainly due to changes in food habits and an increase in the longevity of humans, making them edentulous. Carious infections of the teeth tend to decrease the degree of calcification that adversely affects the strength of the teeth.[@b78-ijn-9-4153] The potential application of nanotechnology in dentistry is the development of the long-lasting biocompatible dental implants with improved osseointegration and mechanical properties.[@b79-ijn-9-4153] These surface-modified implants have the potential of effectively replacing, both structurally and functionally, the worn-out tooth and are being increasingly recognized as the most promising option for dental regeneration. A schematic diagram showing surface modification of dental implants for improved implant performance is depicted in [Figure 4](#f4-ijn-9-4153){ref-type="fig"}.

The usefulness of nano-HA has been successfully demonstrated for bone tissue engineering applications. In recent years, various research groups have shown substantial interest in using nano-HA for dental regeneration. Kasaj et al[@b80-ijn-9-4153] have explored the proliferation of periodontal ligament cells (PDL) cultured in the presence of nano-HA to understand its molecular mechanism of action. They found nano-HA paste to be a good stimulator of PDL cell proliferation mediated by the epidermal growth factor receptor, followed by the activation of extracellular signal-regulated kinases 1/2 and Akt.[@b80-ijn-9-4153] The in vitro cell culture studies have shown that nano-HA stimulates the proliferation and differentiation of alveolar osteoblasts, resulting in alveolar bone regeneration.[@b81-ijn-9-4153] Similarly, it exerts a positive reinforcement in accelerating the proliferation potential of cultured human PDL cells, as evidenced by an increase in the ratio of cells in S phase to G1 phase after being cultured in nano-HA suspension.[@b82-ijn-9-4153] HA nanoparticles -- along with silica nanoparticles -- increase the remineralization potential of dentin. This is evidenced by an increase in calcium and phosphorus content of dentin and an improvement in heterogeneous mineralization as seen in micro-computed tomography.[@b83-ijn-9-4153] Nano-HA-coated silk scaffolds improve the regeneration of both PDL cells and human dental pulp stem cells (hDPC) in dogs. This is due to an improved cell attachment and enhanced ECM formation promoted by the scaffold.[@b84-ijn-9-4153]

In the arena of artificial denture, the nano-filled composite resin tooth is considered to have better mechanical properties and takes a longer time to wear out as compared to acrylic resin denture. The nano-filled composite resin tooth is the best-suited for both complete denture and partial denture development.[@b85-ijn-9-4153] Bioactive glass (BG) is being extensively explored to design novel dental materials; however, a literature search shows that well-explored reports on biologic effects of BG are lacking.[@b86-ijn-9-4153],[@b87-ijn-9-4153] Nanotechnology can be combined with the growth potential of stem cells for improving dental regeneration.[@b88-ijn-9-4153] A recent study on the effect of the nano BG on the proliferation of hDPC has shown an increased mineralization and expression of odontogenic-related protein in nano BG, compared with micro BG. This shows the efficiency of hDPC in odontogenic differentiation and dentin formation potential by nano BG induction.[@b87-ijn-9-4153]

In vitro cell culture study performed on hDPC has shown that scaffold made of nanofibrous gelatin/silica BG has better odontogenic differentiation potential as compared to scaffolds without bioactive glass.[@b89-ijn-9-4153] In vitro culture studies in bovine enamel have established the antierosion properties of nano HA when mixed with sports drinks.[@b90-ijn-9-4153] Another in vitro study has proved the efficacy of nano carbonate apatite in preventing the restaining after the bleaching of the dental enamel.[@b91-ijn-9-4153] There are clear reports on the antibacterial effects of silver nanoparticles and silver-impregnated nano BG in the prevention of caries.[@b92-ijn-9-4153],[@b93-ijn-9-4153]

Hepatic regeneration
====================

Nanotechnology application for hepatocyte regeneration is a relatively new but rapidly developing field with a promising future. Nanoparticles and nanostructured scaffolds provide an exact mimic of hepatic ECM facilitating the differentiation of progenitor cells into hepatocytes. The challenge in hepatic regeneration is the ex vivo maintenance of the harvested hepatocytes in a medium similar to in vivo characteristics. Giri et al[@b94-ijn-9-4153] have used self-assembling peptides with a special combination of growth factors to mimic an in vivo hepatic microenvironment. This nanomaterial was able to maintain the hepatocytes for 3 months with functional efficacy and without causing any toxicity.[@b94-ijn-9-4153] A recent achievement in the hepatic regeneration is the development of silymarin nanoparticles using nano precipitation. These silymarin nanoparticles are hepatoprotective and have been found to be useful in preventing paracetamol-induced liver damage by increasing the hepatic glutathione level.[@b95-ijn-9-4153]

It is well-known that the MSCs derived from bone marrow, adipose tissue, and myeloid differentiate into hepatocyte-like cells.[@b96-ijn-9-4153],[@b97-ijn-9-4153] An in vivo study using chitosan-alginate polyelectrolyte complex fibrous nonwoven scaffold seeded with hMSCs into rat liver has shown liver growth and the expression of hepatocyte markers. This scaffold may be considered for delivery of transdifferentiated hMSCs and maintenance of cell differentiation.[@b98-ijn-9-4153]

Ocular regeneration
===================

The use of nanotechnology in ophthalmology is another rapidly growing area of interest. Zarbin et al have provided an excellent review on advancements in regenerative nanomedicine for vision restoration.[@b99-ijn-9-4153] In a recent study, Teo et al[@b100-ijn-9-4153] have explored the relationship between the substratum topography and the regeneration of bovine corneal endothelium. They observed that the nano pillars provide better support than the micro wells/pillars and enhance corneal endothelial regeneration by increasing the Na^+^/K^+^ ATPase activity and upregulating messenger ribonucleic acid.[@b100-ijn-9-4153] In another study, superparamagnetic nanoparticles with tropomyosin-related kinase B agonist antibodies have been used to activate the tropomyosin-related kinase B-dependent signaling pathway which, in turn, promotes neurite growth. These findings hold potential for using functionalized superparamagnetic nanoparticles to treat injury in the CNS.[@b101-ijn-9-4153]

Keratocyte development and stromal regeneration are instrumental for vision restoration in diseases such as corneal dystrophy and keratoconus. Uzunalli et al[@b102-ijn-9-4153] have formulated bioactive self-assembled nanofibers from both laminin and fibronectin and compared them for corneal stromal regeneration. The in vitro culture of human keratocytes on these nanofibers has shown significantly improved morphological characteristics and growth in laminin nanofibers. The in vivo studies on damaged rabbit cornea also indicated that laminin mimetic nanofibers augmented keratocytes migration and stromal regeneration.[@b102-ijn-9-4153]

Pharmacokinetics and toxicology of nanoparticles
================================================

The in vivo behavior of the nanoparticles is the most important factor for examining their toxicity and establishing their efficacy in the biological system. Locally administered nanoparticles usually remain in their local environment for a long period of time and, hence, produce therapeutic effect without causing any toxicity.[@b103-ijn-9-4153] In contrast to the locally implanted nanomaterials that have restricted biodistribution, systemically administered nanoparticles have varying pharmacokinetic properties. Biodistribution and pharmacokinetics of nanoparticles are dependent on multiple interrelated physicochemical and biological factors. Some key factors that determine the pharmacokinetic properties are: size; morphology; surface characteristics; geometry; and plasma-protein coating.[@b104-ijn-9-4153] Similar to other drugs, the nanoparticles' pharmacological activity is evaluated in terms of: 1) absorption; 2) distribution; 3) metabolism; and 4) excretion. An excellent review on the absorption, distribution, metabolism, and excretion properties of nanoparticles is given by Li et al.[@b105-ijn-9-4153]

An increase in the capillary permeability of tissues, such as bone marrow, spleen, liver, and tumors, leads to a significant uptake of nanoparticles. The increased rate of nanoparticles uptake by the tumors is called the "enhanced permeability and retention" effect.[@b106-ijn-9-4153] Opsonization is a well-known mechanism for the clearance of microbial organisms. Recently, it has been observed that nanoparticles also undergo opsonization and, therefore, get rapidly eliminated from the body. It is evidenced that neutrally charged particles have a much lower opsonization rate than charged particles.[@b107-ijn-9-4153] Coating with chemicals is reported to alter the biodistribution and pharmacokinetic profile of nanoparticles. A recent study has shown increased half-life and decreased accumulation of magnetite nanoparticles in the reticuloendothelial system, when coated with PEG.[@b108-ijn-9-4153] A study in the mice model has shown that cerium oxide nanoparticles have better bioavailability when administered by the intravenous and intraperitoneal route compared with the oral route. Maximum accumulation of these nanoparticles was found in spleen, followed by the liver, lungs, and kidney. The major route of elimination was via feces, and also no organ toxicities were observed.[@b109-ijn-9-4153]

The use of nanomaterial in diagnostics and therapy has become important in recent years. It is well-agreed that more definitive research is required to investigate its toxic and potential side effects in the biological system. In fact, this apprehension has led to a dramatic increase in focused safety research. A large number of in vitro studies testing nanomaterial for potential toxicity using cell culture under controlled conditions have been conducted. The basic aim in nanotoxicology is to identify particle physicochemical properties, which are likely to have toxic effects on the biological system. Patel et al[@b110-ijn-9-4153] have well-demonstrated this concept by conducting exposure escalation experiments. This first line of screening method for potentially adverse outcomes consists of exposing the microorganisms or cell lines to a library of nanomaterials.[@b110-ijn-9-4153] There is now a need for prioritizing in vivo studies for validating the process. Differential stripping, penetration kinetics of nanoparticles in the stratum corneum, and the evaluation of hair follicles are the three methods available for the assessment of the penetration ability of nanoparticles through the skin barrier into the living tissue.[@b111-ijn-9-4153] The exposure escalation experiments are being regularly used to screen the biological safety of nanomaterials in a controlled environment. The experiment explains about the physicochemical properties of the nanoparticles.[@b110-ijn-9-4153]

Nanoparticles are being increasingly used in drug delivery systems, commercial food products, clothing, and cosmetics. Martirosyan and Schneider have reviewed the consumer safety of nanoparticles used by the general public.[@b112-ijn-9-4153] Owing to limited knowledge and restricted studies on the harmful effects of these nanoparticles, exposure risks to patients, health care personnel, research scientists, and the general public remain a matter of concern. More rigorous and controlled studies are necessary to confirm the safety of nanoparticles.

Conclusion and future directions
================================

The need to apply nanotechnology in regenerative medicine is being increasingly recognized. Incorporation of nanotechnology allows better control over physical and biological properties of a biomaterial than conventional technologies. One of the major applications in this field is the use of nanostructures having native tissue mimicking ability, which has resulted in the development of long-lasting and better-performing scaffolds. Extensive research is being conducted on the use of scaffolds seeded with stem cells to generate bone and cartilage. However, the success of this technique is limited by the availability of stem cells and their efficiency in regeneration. The enhancement of axonal growth using nanofiber conduits for the treatment of neuronal injuries is also being explored. Efforts are presently directed toward the development of nanofibers, which help provide properties similar to those of natural cardiac tissue. The clinical use of growth factors in wound healing has generated considerable research interest in recent years. Biodegradable scaffolds integrated with multiple growth factors appear to be the most promising therapeutic option for skin tissue regeneration. There is limited work on the application of regenerative nanomedicine in ophthalmology. Nevertheless, efforts are on to explore nano-ophthalmology with an ultimate aim to maintain and restore vision.

Nanotechnology applications to regenerative medicine have all the potential to revolutionize tissue regeneration and repair. However, the development of ideal nanomaterials capable of sending signals to the diseased or damaged cells and tissues to trigger the regeneration process still remains a challenge. It is also difficult to engineer ECM proteins that can function exactly like the native tissue ECM protein in the internal milieu. The careful and radical selection of the new polymer matrix/nanomaterial combination is essential in making scaffolds with superior biomimicking ability, whose chemical composition and structure can be well-optimized. Improvement in already existing scaffolds is necessary to overcome the associated limitations. The safety of human health in terms of the use of nanomaterials in regenerative medicine is a matter of considerable concern, because this field is still in its nascent stage. Prior to human applications, studies on the toxic effect of these nanomaterials should be carried out in great detail. Finally, to understand the underlying mechanisms of cell-biomaterial interactions at the nanoscale level, and to be able to translate the findings from bench to bedside, close collaboration between the scientists and clinicians is of utmost importance.
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![Schematic representation of bone regeneration using nanotechnology.\
**Notes:** Improved bone healing using (**A**) nanofibrous scaffold and (**B**) culturing MSCs on nano matrices.\
**Abbreviation:** MSCs, mesenchymal stem cells.](ijn-9-4153Fig2){#f2-ijn-9-4153}

![Various nanotechnology-based methods for skin regeneration.](ijn-9-4153Fig3){#f3-ijn-9-4153}

![Surface modification showing improved performance and longevity of dental implants.\
**Abbreviation:** HA, hydroxyapatite.](ijn-9-4153Fig4){#f4-ijn-9-4153}
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Recent advances in nanomaterials used in regenerative medicine

  Organ                                                                                     Nanomaterials                                                                                                                 Outcome (type of study)                                                                                  References
  ----------------------------------------------------------------------------------------- ----------------------------------------------------------------------------------------------------------------------------- -------------------------------------------------------------------------------------------------------- ---------------------------------
  Bone                                                                                      Poly(epsilon caprolactone)                                                                                                    Improved cell attachment, proliferation, differentiation, and mineralization of osteoblasts (in vitro)   Wang J et al[@b13-ijn-9-4153]
  Lineage restriction of progenitor cells by topographical cues (in vitro)                  Cassidy JW et al[@b113-ijn-9-4153]                                                                                                                                                                                                     
  Nanoscaled calcium phosphate                                                              Large-sized blood vessel infiltration leads to bone formation (in vivo; canines)                                              Appleford MR et al[@b15-ijn-9-4153]                                                                      
  HA-coated titanium                                                                        Enhanced and accelerated osseoimplant integration (in vivo; rats)                                                             Yamada M et al[@b17-ijn-9-4153]                                                                          
  Nanostructured beta tricalcium phosphate-coated over poly(lactic acid)                    Enhanced osteoconductivity of scaffold (in vitro) and heterotrophic bone formation (in vivo; rabbits)                         Cao L et al[@b20-ijn-9-4153]                                                                             
  Carbon nanotubes                                                                          ECM calcification (in vitro); lamellar bone regeneration (in vivo; mice)                                                      Lobo AO et al[@b26-ijn-9-4153]                                                                           
  Porous bone formation in bone defect (in vivo; rats)                                      Hirata E et al[@b27-ijn-9-4153]                                                                                                                                                                                                        
  Silica nanofibers                                                                         Proliferation and maturation of MG63 cells (in vitro)                                                                         Ravichandran R et al[@b29-ijn-9-4153]                                                                    
  Cartilage                                                                                 Pentosan poly sulfate in poly (ethylene glycol) HA                                                                            Formation of cartilage like tissues by mesenchymal progenitor cells (in vitro)                           Frith JE et al[@b56-ijn-9-4153]
  PVA/PCL                                                                                   Proliferation and chondrogenic differentiation of MSCs (in vitro); improved healing of cartilage defects (in vivo; rabbits)   Shafiee A et al[@b57-ijn-9-4153]                                                                         
  POSS--PCU                                                                                 Enhanced survival, proliferation, and chondrogenic differentiation of adipose tissue derived stem cells (in vitro)            Guasti L et al[@b114-ijn-9-4153]                                                                         
  Enhanced growth and proliferation of nasoseptal chondrocytes (in vitro)                   Oseni AO et al[@b115-ijn-9-4153]                                                                                                                                                                                                       
  Peripheral nervous system                                                                 Electrospun collagen/poly (lactic-co-glycolic acid)                                                                           Axon regeneration, myelination, and action potential propagation (in vivo; rats)                         Ouyang Y et al[@b63-ijn-9-4153]
  POSS--PCU--MWCNT                                                                          Novel biomaterial capable of electronic interfacing with tissue holds potential to promote nerve regeneration                 Antoniadou EV et al[@b64-ijn-9-4153]                                                                     
  Central nervous system                                                                    Si-RNA chitosan nanoparticles                                                                                                 Increased delivery of drugs by crossing BBB (in vivo; rats)                                              Malmo J et al[@b71-ijn-9-4153]
  Myocardial tissue                                                                         IGF-1 with poly(lactic-co-glycolic acid)                                                                                      Increased Akt phosphorylation and reduced infarct size (in vivo; mice)                                   Chang MY et al[@b74-ijn-9-4153]
  Electrospun (hb/gel/fib)                                                                  Cardiomyogenic differentiation of MSCs (in vitro)                                                                             Ravichandran R et al[@b75-ijn-9-4153]                                                                    
  PGS                                                                                       Increased transplant cell retention and survival (in vitro)                                                                   Ravichandran R et al[@b77-ijn-9-4153]                                                                    
  Gold nanoparticles-loaded hybrid nanofibers                                               Cardiomyogenic differentiation of MSCs; superior biological and functional properties (in vitro)                              Ravichandran R et al[@b116-ijn-9-4153]                                                                   
  Skin                                                                                      Silver nanoparticles                                                                                                          Reduced inflammation and promotion of wound healing (in vitro)                                           Wu J et al[@b48-ijn-9-4153]
  Plasma-treated electrospun poly(lactic-acid) co-poly(epsilon caprolactone), and gelatin   Increased fibroblast proliferation and collagen secretion (in vitro)                                                          Chandrasekaran AR et al[@b43-ijn-9-4153]                                                                 
  Rosette nanotubes with PHEMA                                                              Increased keratinocyte and fibroblast proliferation (in vitro)                                                                Sun L et al[@b50-ijn-9-4153]                                                                             
  Eye                                                                                       Polydimethylsiloxane                                                                                                          Topographical cue for formation of functioning corneal endothelium (in vitro)                            Teo BK et al[@b100-ijn-9-4153]
  Super paramagnetic nanoparticles                                                          Increased gene expression and neurite growth, subcellular organelle localization, and nano therapeutics delivery (in vitro)   Steketee MB et al[@b101-ijn-9-4153]                                                                      
  Lung                                                                                      Deferoxamine                                                                                                                  Regeneration of microvascular anastomosis in airways (in vivo; mice)                                     Jiang X et al[@b117-ijn-9-4153]
  *101F6* (tumor suppressor gene) nanoparticles                                             Increased tumor cell lysis (in vitro and in vivo; mice)                                                                       Ohtani S et al[@b118-ijn-9-4153]                                                                         

**Abbreviations:** HA, hydroxyapatite; ECM, extracellular matrix; Akt, protein kinase B; PVA/PCL, poly(vinyl alcohol) poly(caprolactone); POSS-PCU, polyhedral oligomeric silsesquioxane with polycarbonate polyurethane; MWCNT, multiwalled carbon nanotube; poly(hb/gel/fib), poly(hemoglobin/gelatin/fibrinogen); PGS, poly(glycerol sebacate); PHEMA, poly(2-hydroxyethyl methacrylate); BBB, blood--brain barrier; MSCs, mesenchymal stem cells; MI, myocardial infarction; Si-RNA, small interfering ribonucleic acid; IGF-1, insulin-like growth factor-1.
